The corrosion behavior of Mg, AZ31 and AZ91 has been evaluated in 3.5% NaCl solution using weight loss, electrochemical polarization and impedance measurements. Corrosion rate derived from the weight losses demonstrated the occurrence of steeply fast corrosion reaction on AZ91 alloy after three hours of immersion, indicating the start of galvanic corrosion. An increase of corrosion rate with immersion time was also observed for AZ31 but with lesser extent than AZ91 alloy. Whereas Mg metals showed a decrease of corrosion rate with immersion time, suggesting the formation of a protective layer on their surfaces. In contrast, the corrosion current density (I corr ) derived from the Tafel plots, exhibited their corrosion resistances in order of Mg > AZ91 > AZ31. Electrochemical charge transfer resistance (R ct ) and double layer capacitance measured by electrochemical impedance spectroscopy (EIS), are well in accordance with the measured I corr. EIS measurements with time and microstructural examination of the corroded and uncorroded samples are helpful in elucidation of results measured by electrochemical polarization.
Introduction
Magnesium based alloys possess an attractive combination of low density and high strength/weight/ratio which are quite useful for their applications in automotive and aerospace industries. However, they are very reactive in the humid or wet atmosphere as their loosen oxide layer make them highly corrosive. Their corrosion reaction becomes much more pronounced when they are exposed in aqueous marine environment. Occurrence of the galvanic corrosion is another problem with Mg alloys as magnesium has the lowest electrode potential and acts as anode in the alloy [1e4] . Though alloying of Al and Zn with Mg increases their strength but make them venerable to galvanic corrosion. MgeAl alloys are the most common category of magnesium alloy. There are different opinions about the role of Al on the corrosion resistance of magnesium alloy. Lunder et al. [5] observed that when aluminum content reaches 8% (mass fraction), the corrosion resistance of magnesium alloy improve in a noticeable level. Warner et al. [6] reported that even 5% addition of Al in magnesium alloys is beneficial in improving their corrosion resistance. Whereas Hemann et al. [7] indicated that 9% and above Al is helpful in improving of corrosion resistance of magnesium alloy. However, no one among them studied the approximate exposure period at which this alloy becomes suxcitible for galvanic corrosion at neutral pH.
Alloying effect of Al and Zn on corrosion of Mg is latively less studies. Cao et al. [8] investigated the corrosion behavior of Mg and AZ91 alloy in 0.1 M NaCl solution using electrochemical studies. They observed a highly corrosive nature of AZ91 alloy as compared to Mg metal. Cheng et al. [9] studied the influence of alloying elements like Zr, Al on the corrosion resistance of Mg in 1 M NaCl solution using electrochemical measurements. They observed AZ91 alloy shows the worst corrosion resistance among AZ31, AZ91, AM60 and ZK60 alloys. Though, electrochemical measurements including electrochemical impedance spectroscopy are quite useful in the determination corrosion kinetics and diffusion phenomena at the metal/electrolytes interfaces, weight loss measurement is still considered most authentic method for corrosion rate determination in free corrosion condition. As per our knowledge no one has made corrosion rate determination using weight loss measurement especially for Mg and their alloys in chloride bearing corrosive system.
With this view, the present work was aimed to make a detail corrosion studies of the Mg metal and their alloys, AZ31 and AZ91 in 3.5% NaCl solution using weight loss, electrochemical and microstructural studies.
Experimental
The materials used in the present study, were commercial grade Mg (~99% pure) metal and as cast AZ31 (Al 3 wt%, Zn 1 wt%, balanced Mg) and AZ91 (Al 9 wt%, Zn 1 wt%, balanced Mg) alloys. The casting of the alloys was made in the oxygen protective atmosphere. In weight loss measurement rectangular samples of dimension 2.5 cm Â 2.5 cm Â 0.25 cm were used. Samples were polished well with different grades of emery paper. Before immersing, samples were degreased using trichoroethylene solution. In weight loss measurement, pre-weighted samples were immersed vertically in 3.5% NaCl with the help of polypropylene make thread tightened at one end of the sample through drilled hole. Immersed samples were removed from the solution after different intervals of time. After removing, samples were washed carefully, dried in air and again re-weighted. The corrosion rate was derived using following Eq. (1)
where corrosion rate is in millimeter per year, W, weight loss in mg, D, density and T, time in hour.
Electrochemical measurements like open circuit potential (OCP) variation with time, potentiodynamic polarizations and electrochemical impedance spectroscopy were performed in 3.5 wt% NaCl solution at room temperature (25 C) using a Solartron make 1280 Z corrosion measurement system. Three electrodes system, namely, a working electrode (area: 1 cm 2 ), a platinum counter electrode (area: 2 cm 2 ) and a saturated calomel electrode (SCE), as a reference electrode were employed in the present investigation. Open circuit potential (OCP) variations with time were recorded up to 30 min of exposure. Afterward, Tafel plot was obtained by carrying out partial potentiodynamic polarization in the potential range ± 150 mV from OCP at the potential scan rate of 1 mV/ s. In a separate experiment potentiodynamic polarization was made by scanning potential from À150 mV(SCE) from OCP to 1.5 V(SCE) in the anodic potential. EIS analysis was done in the frequency range of 20 mHz to 20 kHz using a sinusoidal ac signal of 10 mV at the open circuit potential. The reproducibility of the electrochemical test was verified by carrying out two to three measurements on a fresh polished specimen. All the measurements have been performed in aerated solution under static condition. Different parameters of polarization curves and impedance diagrams were derived from software Corrware 2 and Z plot, respectively using curve fitting method. After completion of EIS measurement, were cleaned properly and used for their microstructural examination.
Results and discussion
Different corrosion reactions involved in magnesium and their alloys are similar neutral and alkaline media. The overall reaction [10] can be expressed as
However, the above reaction presents a general description and does not explain the involvement of different stages of corrosion. For e.g. naturally formed oxide or passive film present on Mg alloy can exhibit a high corrosion resistance up to certain exposure period. But the same alloy may show suddenly a very fast corrosion after passing of critical exposure period at which galvanic corrosion start. Therefore, the corrosion property of magnesium alloys is associated with the nature of naturally formed oxide film present on their surfaces and also related to content of their cathodic alloying elements present in their matrix. MgeAleZn alloy is the most common category of magnesium alloy where Al and Zn are the main cathodic elements which determine the corrosion of alloys. In both alloys, Zn content is same. Therefore, their entire corrosion property depends on the presence of Al content. On the other side it is well known that pure Mg metal posses better corrosion resistances than their alloys. Thus a comprehensive corrosion study comprises of weight loss and electrochemical measurements is carried out to understand the role of Al content on the critical exposure period at which galvanic corrosion starts and their comparative corrosion behavior in chloride bearing neutral solution.
Weight loss measurement
Weight loss measurement indicated that Mg metal demonstrates a very less weight loss as compared to AZ91 and AZ31 alloy up to 72 h of exposure. In comparison to AZ31, AZ91 alloy showed less weight loss up to initially 3 h of exposure. Thereafter, their steep increase of weight loss was measured. The corrosion rate (mm/y) derived as per Eq. (1), is plotted against time (Fig. 1) . From the trend one can see that the corrosion rate of AZ91 occurs comparatively much less than AZ31 alloy till initial 3 h of immersion. After this, there was a steep rise in their corrosion rate (6 mm/y) was measured. Whereas AZ31 alloy showed even less than one mm/y corrosion rate after 3 h of immersion. The increase in corrosion rate of AZ91 alloy was continued with fast rate till 32 h of immersion. After this period, a decline in their corrosion rate was measured. After removing, specimens were observed visually porous structure. Due to decrease of dimension of the specimen, weight loss measurement was stopped after 48 h of immersion.
In case of AZ31 alloy, it showed a linear increase of weight loss till 72 h of immersion. Interestingly, Mg metal showed better corrosion resistances as compared to AZ91 alloy even after 72 h of immersion. But it showed very high corrosion rate as compared to Mg metal. Interestingly, a decrease in corrosion rate with exposure time was measured for Mg metal. The surface of the immersed Mg metal was intact even after 72 h of exposure. These this suggest that a protective nature of oxide film forms at the Mg surfaces which reduces their corrosion significantly. A steep increase of corrosion rate after 3 h of immersion of AZ91 alloy evidences the occurrence of fast corrosion reaction that increases with exposure period possibly due to start of galvanic corrosion. Moreover, intensity of the galvanic corrosion appears to be quite high for AZ91 alloy. Presence of a higher Al content in the AZ91 alloy presumably increases the potential difference that results the start of galvanic corrosion with fast rate.
Electrochemical measurements 3.2.1. OCP behavior
The open-circuit potential (OCP) variations with time curves obtained for all the three studied substrates, are presented in Fig. 2 . From the trend, it can be noted that their initial OCP moves in negative direction till 5 min of measurement. Afterward, it increases toward positive direction and their increase rate slows down after 20 min of duration. However, their OCP could not attain steady state even after 30 min of measurement. Increase of OCP towards positive side is more for AZ31 alloy as compared to AZ91 and Mg metal.
Observed OCP values indicate that OCP of Mg occurs more negative (À1.66 V) as compared to AZ31 (À1.56 V) and AZ91(À1.6 V). Occurrence of a more negative OCP for Mg metal indicates their active behavior possibly their oxidation in to Mg 2þ ion that changes equilibrium potential more negative. Though the standard potential of the magnesium electrode is À2.37 V but measurement of their OCP as À1.66 V indicates the formation Mg(OH) 2 layer over it which is more cathodic in nature. In comparison, more positive OCP of AZ31 and AZ91 alloys may be due to the presence of beta phases which increases the free potential in the positive direction [11] . Observed OCP behavior is in accordance with the weight loss measurement as initially a higher corrosion rate was measured for Mg metal (Fig. 1) . Formation of mixed hydroxides of Al, Zn along with Mg can be explained similarly. Presence of pure hydroxide containing layer at the Mg surface seems to be more protective compared to mixed hydroxides layer forms on AZ31 and AZ91 alloy surfaces. Fig. 3 shows the partial cathodic and anodic polarization curves obtained after carrying partial cathodic and anodic polarization from OCP ± 150 mV. Different corrosion parameters like corrosion potential (E corr ), corrosion current density (I corr ), anodic (b a ) and cathodic (b c ) Tafel constants derived by the Tafel extrapolation, are given in Table 1 . Measured I corr values attributes an order of magnitude lower I corr for Mg metal as compared to AZ31 and AZ91 alloys. I corr of AZ91 alloy shows nearly five times higher than Mg metal. On the other side I corr of AZ31 alloy occurs nearly twenty times higher than Mg metal. Whereas AZ91 alloy posses three times higher I corr than AZ31 alloy. However, derived I corr values make contradiction from the corrosion rates measured from weight losses as AZ91 alloy exhibited unexpectedly a higher corrosion rate as compared to Mg and AZ31 alloy after 3 h of immersion. Occurrence of a lower I corr of AZ91 alloy than AZ31 alloy suggests their better corrosion resistance in the initial period of exposure. Measurement of a higher values of cathodic Tafel constant (b c ) for Mg metal indicates the occurrence of a pronounced cathodic controlled reaction i.e. oxygen reduction reaction as per following reaction (3)
Tafel plots
Since oxygen reduction is a main cathodic reaction, its control is one of the main factor in reducing of corresponding oxidation reaction (formation of Mg 2þ ion after discharge of two e À ). Once hydrolysis reaction starts corrosion reaction proceeds by the oxidation of Mg as Mg 2þ and their involvement with OH À ions that produced by the reduction of water molecule [12, 13] . This results the formation of Mg(OH) 2 precipitates at the metal surfaces. The reaction involve in the formation of Mg(OH) 2 can be expressed as per following (reaction 4).
The overall reactions could be given as per following reaction.
Similar reactions may also involve in the corrosion of Al and Zn of the alloys. Measurement of a lower b c values for AZ31 and AZ91 alloys than Mg metal indicates their lesser tendency in controlling of cathodic reaction. Due to increased cathodic reaction (reaction 3), OH À generation becomes more that increases the anodic oxidation reaction i.e metal dissolution. This is the main reason that anodic Tafel constant (b c ) values increases for AZ31 and AZ91 alloys.
Current density vs time behavior
The corrosion current flows at OCP were measured under potentiostatically controlled condition. Fig. 4 shows the variations of current densities with time at OCP. From the trends, it can be seen that AZ31 alloy shows an increased anodic current with time, indicating the occurrence of anodic reaction (metal oxidation) under free corrosion condition. The current flows for Mg and AZ91 alloys, are appeared to less anodic, indicating the occurrence of a slow anodic reaction. Present current vs time implies the occurrence of a slow rate of corrosion reaction in Mg and AZ91 alloy as compared to AZ31 alloy. OCP measurements have also demonstrated similar trend of variation with time.
Potentiodynamic polarization
Potentiodynamic polarization curves recorded in a wide anodic potential range (up to 1.5 V) are demonstrated in Fig. 5 . From the potentiodynamic polarization behavior, it can be seen that the nature of increase of current densities with potential, is similar for all the three types of electrodes. However, a limitation of current increase start at 1 V for Mg and AZ91 alloy while limitation in current increase occurs at 1.1 V for AZ31 alloy. Occurrence of limitations in current during anodic polarization is mainly due to the accumulation of corrosion product at the electrode surfaces that reduces the current increase further. It is therefore, polarization of metal in this potential region becomes potential independent.
3.2.5. Electrochemical impedance spectroscopy (EIS) studies EIS measurement in the form of Nyquist plot, was carried out after 30 and 90 min of exposure. As shown in Figs. 6 and 7, Nyquist plots demonstrate the occurrence of one capacitive semi circle from higher to the middle frequency region and an inductive loop in the lower frequency region for all the three electrodes. In contrast, Cao et al. [8] and Cheng et al. [9] reported the existence of two semicircles; one in the higher frequency and another one in the lower frequency regions. Though, their observed first semicircle in higher frequency regions was almost indistinguishable. In the present case, the radius of the semicircle occurs considerably more for Mg than AZ91 alloy. In case of AZ31 alloy, it becomes comparatively very less (Fig. 6) . After the increase of immersion time to 90 min, the radius of semicircle increases further for Mg metal while it decreases for AZ31 and AZ91 alloys (Fig. 7) . It is reported that the high frequency part in the Nyquist plot represents the properties of the coatings, whereas the low frequency part associated with the Faradaic processes occurring on the bare metal [14, 15] . In case of Mg and their alloys, presence of thick oxide film itself behaves as coating that protects metal up to certain level. Therefore, observation of capacitive behavior from higher to middle frequency region is associated with the resistance of the oxide film. Since the oxide film present at the Mg metal possess more corrosion resistance, shows a better capacitive behavior. Presence of a poor capacitive behavior for AZ31 and AZ91 alloys suggest their more corrosive behavior. Occurrence of capacitive loops at the low frequency region for AZ91 and AZ31 alloys indicate the continuation of Faradaic process i.e. diffusion process at the metal/solution interfaces. The appearance of a low frequency inductive loop is also related to relaxation of the adsorbed anions on the surface of the metal [15, 16] . Based on this, it may further be described that presence of Cl À in the corrosive media increases their adsorption at the AZ31 and AZ91 alloy. This results the increase of oxidation of metal by consuming electrons from the oxidized metal at the adsorb sites. This ultimately starts corrosion reaction at particular adsorbed site. Exhibition of comparatively less pronounced inductive loop for Mg metal suggests their lower susceptibility for adsorption Cl À ions. Different EIS parameters like R ct , solution resistance (R s ), and double layer capacitance (C dl ) as given in Table 1 , are derived by curve fitting method. Due to presence of one semi circle, an equivalent circuit consisting of resistor connected in series to a parallely connected resistor and capacitor has been used for data analysis. From Table 2 , it can be noted that R ct of Mg increases from 310 to 495 U cm 2 after 30 mine90 min exposure. An increase of charge resistance with time attributes the sequential growth of protective Mg (OH) 2 layer at the Mg surface. In case of AZ91 and AZ31 alloys R ct reduces from 76 to 42 U cm 2 and from 25 to 9.5 respectively after 30e90 min, suggesting decrease of their corrosion resistances with time. In opposite to R ct, an increase of C dl values was measured for both alloy with time. As seen in Table 2 , C dl of AZ31 and AZ91 alloy increases nearly an order of magnitude higher after 30e90 min of exposure. Since C dl is associated with the water/electrolytes uptake through the pores/defects of the surface film [17, 18] , an increase C dl with time for AZ91 and AZ31 alloy implies the increase of porosities/defects in their oxide film. Increase of porosities in the film increases the diffusion reaction. A decrease of C dl with exposure time as observed for the Mg metal (Table 2) , suggesting the decrease of porosities/defects in the oxide film that increases their corrosion resistance. Measurement of R ct and C dl values are well in accordance with the corrosion rate measured by Fig. 6 . EIS measurements (Nyquist diagram) in Mg, AZ31 and AZ91 alloys in 3.5% NaCl solution after 30 min of exposure. weight loss and Tafel extrapolation as Mg metal showed much better corrosion resistance compared to than AZ31 and AZ91 alloys.
Microstructural examinations
Surface morphologies of the corroded and uncorroded specimens (after 90 min of exposure) were examined by SEM. Photomicrographs as shown in Fig. 8 , demonstrates uncorroded (a) and corroded Mg surface (b). As compared to uncorroded surface, corroded surface shows the accumulation of corrosion product over the grain boundaries. Since grain boundaries are thermodynamically more active, precipitation of corrosion product (Mg(OH) 2 ) in this region reduces the corrosion attack. This is perhaps reason for owing better corrosion resistances by Mg metal.
The surface morphology of uncorroded surface of AZ31 alloy as depicted in Fig. 9a , exhibit the presence of a larger area consisting of a phase (matrix) which is surrounded by b phase (Mg 17 Al 12 ). In case AZ91 alloys, it is difficult to distinguish between a and b phase as surface is covered by oxide layer (Fig. 10a) . On the other side, corroded surface of the both alloys shows a presence of thick corrosion product layer (Figs. 9b and 10b ) which is not protective in nature.
There is general opinion that presence of b phase in magnesium/alloys plays a major role in their corrosion resistances/ passivation. It acts as a cathode and shows a good passive behavior in broad pH ranges. After the dissolution of the anodic phase (a phase of the matrix), the surrounding phase (b phase) may play the role of a barrier layer in the inhibition of the corrosion reaction. According to the previous studies [19, 20] , the role of b phase in corrosion process related to its content, size and distribution. When the mass fraction of b phase is high, the grain size of magnesium alloy is small, and the b phase distributes continuously in the matrix containing a phase, so it may play the role of a barrier layer to deter corrosion. On the contrary, if the grain size is larger and the distance between b phases is enlarged, galvanic corrosion may occur that results the decline of the corrosion resistance. Presence of b phase enhances their potential differences which responsible for the generation of local galvanic cells. This ultimately starts corrosion reaction which increases with the time. Based on the above, it may therefore be concluded that presence of a substantial level of Al (~9 wt%) in AZ91 that posses more b phases, exhibits much pronounced galvanic corrosion as compared to AZ31 alloy.
Conclusions
Weight loss measurement shows initially an increase of corrosion rate in order of Mg < AZ91 < AZ31 in 3.5% NaCl solution. After 3 h of immersion, the corrosion rate of AZ91 becomes much more than AZ31 alloy due to start of galvanic corrosion. Measurement of a decrease of corrosion rate with immersion time for Mg metal indicates the formation of a continuous layer of Mg(OH) 2 at their surface that increases corrosion resistances. Mixed hydroxides of Mg, Al and Zn form at the alloys surface are not beneficial in improving of their corrosion resistance. Corrosion current density derived from the Tafel extrapolation indicates similar trend as corrosion rate measured by weight loss data during initial immersion period. Charge transfer resistance measurement indicates an increase of corrosion resistance in order as AZ31 < AZ91 < Mg which is well in accordance with the corrosion rate measurement by Tafel plots and weight loss measurement. Measurement of an increase of R ct with time for Mg evidences the formation of protective layer over their surfaces while decrease of R ct with time for both alloys indicates their corrosion with time.
